The DNA structure in phage capsids is determined by DNA-DNA interactions and bending energy. The effects of repulsive interactions on DNA interaxial distance were previously investigated, but not the effect of DNA bending on its structure in viral capsids. By varying packaged DNA length and through addition of spermine ions, we transform the interaction energy from net repulsive to net attractive. This allowed us to isolate the effect of bending on the resulting DNA structure. We used single particle cryo-electron microscopy reconstruction analysis to determine the interstrand spacing of double-stranded DNA encapsidated in phage j capsids. The data reveal that stress and packing defects, both resulting from DNA bending in the capsid, are able to induce a long-range phase transition in the encapsidated DNA genome from a hexagonal to a cholesteric packing structure. This structural observation suggests significant changes in genome fluidity as a result of a phase transition affecting the rates of viral DNA ejection and packaging.
INTRODUCTION
Double-stranded DNA (dsDNA) viruses package their genome, a charged molecule that is microns in length, into an enclosed rigid capsid that is only a few tens of nanometers in diameter. Facilitated by a powerful motor, this packaging occurs in the majority of bacterial viruses (bacteriophages), as well as some eukaryotic viruses (e.g. human Herpes simplex virus) (1) . At high packaging densities, DNA-DNA interactions are mediated mainly by electrostatic and hydration forces (2) (3) (4) (5) ; the latter arising from the structuring of water molecules on the macromolecular surface. These interactions are observed to result in a spacing that ranges $15-20 Å in distance (6) , corresponding to 3-4 water layers at each DNA surface. The interaction can be either repulsive or attractive depending on whether the hydrogen bonding of the water molecules between surfaces is disrupted or reinforced, as the molecular surfaces are brought into proximity. Within many viruses, dsDNA is packaged to a density of 50% by volume, resulting in a DNA-DNA interaxial separation of $27 Å (7, 8) with the remaining volume filled by water. This corresponds to DNA surface separations of merely 7 Å , a distance wherein the hydration interaction is a dominant force (2) .
Hydration and electrostatic forces have been measured as a function of DNA-DNA separation for free DNA condensed in a bulk solution (9) . In these measurements, dsDNA arrays are pushed together by an osmotic stress polymer, e.g. polyethylene glycol (PEG), and the DNA-DNA spacing determined by X-ray scattering as a function of external osmotic pressure. This pressure can be converted to the energy of DNA-DNA interactions (10) . Previous experiments, performed in the presence of mono-and polyvalent ions, nicely demonstrate how a delicate interplay between the attractive and repulsive DNA hydration interactions determines the DNA structure (6, (11) (12) (13) (14) (15) . It was shown that DNA confined in a phage capsid behaves similarly to multiple DNA arrays confined by a polymer in a bulk solution, in terms of interactions and structural ordering (8, 16) . However, the encapsidated DNA, unlike the condensed DNA arrays in bulk, is strongly bent by the confining capsid walls. This is due to the fact that the dsDNA persistence length (x $ 50 nm) (17, 18) is of the same order of magnitude as the diameter of many viral capsids, leading to an extra bending energy term affecting the structure of the DNA in the capsid.
In this work, we used single particle cryo-electron microscopy (cryo-EM) reconstruction to analyse the encapsidated dsDNA spacing in phage capsids. The effects of bending and interaction energies on DNA ordering were separated by eliminating the net repulsion inside the capsid through the addition of spermine (4+) ions. This allows a switching of the DNA-DNA interaction energy from net repulsive to net attractive, with the remaining bending term determining the DNA structure in the capsid.
MATERIALS AND METHODS

Phage j and LamB production and purification
Wild-type (wt) bacteriophage cI857 with genome length 48.5 kb and its shorter genome mutants with 45.7 kb (corresponding to 94% of the DNA) and with 37.7 kb DNA (corresponding to 78% of the DNA, denoted b221) were produced by thermal induction of lysogenic Escherichia coli strains AE1, AE2 and AE3. AE strains are lysogenic E. coli strains modified to grow without LamB protein expressed on its surface to increase the yield of phage induced in the cell. The culture was then lysed by temperature induction. The phage samples were purified by CsCl equilibrium centrifugation. The samples were dialysed from CsCl against Tris-magnesium (TM) buffer [10 mM MgSO 4 and 50 mM Tris-HCl (pH 7.4)]. The final titer was 10 12 virions/ml, as determined by plaque assay (19) . The receptor was the LamB protein purified from pop 154, a strain of E. coli K12 in which the lamB gene has been transduced from Shigella sonnei 3070 (20, 21) . Purified LamB was solubilized from the outer membrane of E. coli cells with 1% by volume of the non-ionic surfactant n-octylpolyoxyethylene (n = 2-9).
Cryo-EM
All lambda phage samples were preserved in vitreous ice on 400-mesh C-flat grids (Protochips Inc.) containing 2 mm holes at a spacing of 2 mm. Before the application of sample, the grids were cleaned in an atmosphere of 75% argon and 25% oxygen for 25 s with a plasma cleaner (Fischione Instruments, Inc). A 3 ml aliquot of sample was applied, and subsequent blotting and rapid-freeze plunging into liquid ethane was performed with a Vitrobot (FEI co). The Vitrobot environment chamber was set to maintain a temperature of 4 C and 100% humidity, and grids were double blotted for 7 s using an offset of À2. Grids were stored in liquid nitrogen until being loaded into a Gatan CT3500 single tilt cryotransfer holder for data collection.
Frozen grids were inserted into a Tecnai F20 Twin transmission electron microscope operating at 200 keV, and data were collected on a Gatan 4kx4k CCD using the Leginon automated electron microscopy package (22) . For each sample, $1000 images were acquired at 50 000Â magnification (a pixel size of 2.26 Å ) with a dose of 20e À /Å 2 and using a randomized defocus ranging from À1.0 to À2.5 mm. Preliminary image analysis was performed within the Appion processing environment (23) . Concurrent with data collection, particles were automatically selected using a template-based particle picker (24) , and the contrast transfer function (CTF) of each image was automatically estimated (25) . Only the images yielding highly accurate CTF estimations were considered for further processing. The phase information of the images was corrected based on the estimated CTF, and the particles were extracted using a box size of 300 pixels. The particles were then centered using the 'cenalignint' function from the EMAN software package (26) . From each data set, 5000 particles were randomly selected for 3D reconstruction to maintain a consistent level of signal between each sample. The reconstructions were performed using a standard projection matching routine in EMAN, iterating through 20 rounds of refinement starting at an angular increment of 5 and decreasing to 1 at four-iteration intervals. For each refinement, a previously determined icosahedral reconstruction of phage lambda (23) was low-pass filtered to 40 Å resolution and used as a starting model. All reconstructions all resolved to $10 Å resolution, according to the 0.5 Fourier shell correlation. The central slice along the 5-fold axis of each reconstruction was extracted and radially averaged using EMAN (26) .
RESULTS AND DISCUSSION
Cryo-EM reconstructions were performed to determine the average interaxial distance between the hexagonally ordered DNA strands. Icosahedral symmetry was imposed during the reconstruction procedure to improve the signal-to-noise ratio to more accurately determine the average interstrand spacings. As previous osmotic stress bulk DNA measurements provide an accurate description of the DNA-DNA interactions as a function of interstrand separations in a phage capsid (8, 16) , these interaxial separations can be directly compared with our data for the variably encapsidated DNA. Although DNA strands are pushed together by an inert osmotic stress polymer in the bulk measurements, the DNA in phage is compressed by the capsid walls. Bulk measurements revealed that by combining the variation in the external osmotic pressure (directly varying the interstrand separation) and affecting the type of intermolecular interaction using the multivalent ions, long-range phase transitions are observed in the DNA arrangement (13) .
The interstrand separation can also be varied in encapsidated DNA by packaging different lengths of -DNA. As all viral capsids are permeable to water and ions, the DNA-DNA interactions are affected by the presence of multivalent ions. We use spermine (4+) ions to introduce an attractive component to the otherwise repulsive interactions between the DNA helices inside the capsid. DNA interstrand distances are varied by packaging 78, 94 and 100% of the wt -DNA length of 48 500 bp. For these three lengths of packaged -DNA, the genome remains stressed in the capsid with and without spermine, and exerts pressure on the capsid walls (8) . However, the internal capsid pressure can be reduced to zero by opening the capsid with receptor LamB and allowing the DNA to freely eject until it reaches equilibrium. Without spermine ions, the ejection is complete leaving the capsid empty. However, in the presence of spermine the ejection is incomplete with a fraction of -DNA remaining in the capsid at equilibrium. We analyse interaction and bending effects on the resulting DNA structures for all these cases.
Repulsive interactions and structure of encapsidated j-DNA Icosahedral reconstructions were performed for -phages containing three different genome lengths, as well as for emptied capsid particles. No spermine was present to analyse the effect of DNA packaging density on the DNA-DNA spacing and overall structure under net repulsive conditions. Figure 1 shows a cutaway view of a wt -DNA length filled capsid and an empty capsid. The cryo-EM structure reveals that the entire capsid volume is filled with DNA extending all the way to the center of the capsid. Along the capsid wall, there are well ordered, multiple concentric DNA layers ($ 4-5 layers in all cases). The layers are evenly spaced, indicating that DNA has adopted a liquid crystalline state. However, towards the centre of the capsid, this ordering disappears. Similar dsDNA distributions within the capsids were also observed for other viruses (27) (28) (29) (30) (31) . The figure also shows a separation between the capsid inner walls and the outermost DNA layer. This suggests that there is no attractive interaction between the DNA and the inner capsid wall. Indeed, it was shown for a lambdoid phage HK97 that the inner capsid surface is negatively charged (32) , leading to repulsion between the DNA and the inner capsid wall.
X-ray scattering analysis of DNA filled phage capsids has demonstrated hexagonal short-range DNA ordering for all three packaged DNA lengths studied here (8, 33) . This allows us to calculate the interaxial distance between the DNA strands in the ordered peripheral phase inside the capsid. The interaxial distance is a h = (2/ˇ3) d, where d is the distance between the centres of the concentric DNA layers derived from our cryo-EM cross-section analysis.
The d-spacings between the DNA layers inside the capsid were determined by computing 3D cryo-EM reconstructions of the phage particles (see 'Materials and Methods' section). The central slice of each reconstruction was extracted along the 5-fold symmetric axis, where the capsid and packaged genome adopt a circular organization. These slices were then radially averaged to further increase the signal-to-noise ratio of the genomic density, allowing accurate measurement of the DNA d-spacing. The variably filled capsids and their corresponding radial averages are shown in Figure 2 . A 1D plot of the well-ordered DNA rings from the radially averaged central slice was plotted for each of the packaging variants (Figure 3) , and the d-and interaxial spacings (a h ) are summarized in Table 1 . Table 1 shows increasing interaxial spacing with decreasing packaged -DNA length. The values obtained from our cryo-EM analysis are essentially the same as those reported earlier for several phage mutants using the solution X-ray scattering (8) . For wt -DNA length packaged in phage, a h = 26.2 Å , with a mere 6.2 Å surface separation between the DNA strands, whereas a h = 29.7 Å for the shortest packaged 78% -DNA length. As shown by the X-ray analysis of bulk DNA compressed by PEG under different ionic conditions, the interaxial distance value is directly related to the structure of the long-range DNA packing (6,13). Interaxial distances <$30 Å correspond to a long-range hexagonal order, whereas a h > $32 Å is associated with a cholesteric packing pattern overlaid on a short-range hexagonal structure (6, 13, 14) . Thus, the observed ordered peripheral structures in all three -DNA length phage mutants without spermine show long-range hexagonal packing.
DNA-DNA interaction and DNA bending are two main energy terms determining the structure of the encapsidated DNA (8, 16, 17) . To reduce the bending energy, DNA will be pushed towards the capsid walls (providing lowest curvature), whereas repulsive DNA-DNA interactions will push DNA strands as far from each other as possible, filling the entire capsid space and maximizing the interstrand surface separation. Although the bending energy term cannot be neglected (8, 16) , the interaction energy term is dominant under the net DNA-DNA repulsion in the absence of multivalent ions. It maximizes the separation between the DNA strands so that DNA occupies the entire capsid volume, as seen in Figures 1 and 2 . Therefore, the interaxial spacing is increasing with the decreasing packaged DNA length.
Repulsive and attractive interactions-bending induced DNA phase transition
It was shown that at interaxial DNA-DNA separations of a h & 26 Å , there is a dominant short-range repulsion interaction (11, 13, 34) . In TM buffer, interhelical forces are repulsive at all separations (8) . Adding 1 mM spermine to TM buffer causes DNA in solution to precipitate to an equilibrium interaxial spacing of 29.1 Å [determined using X-ray diffraction, as described in (13)]. However, at the 26.2 Å spacing characteristic of wt -DNA phage, even in spermine, DNA-DNA forces are highly repulsive (12) and should still dominate bending. We tested this assumption by adding 1 mM spermine to the wt -DNA phage solution. Data shown in Table 1 confirm that the interaxial spacing is not affected by the addition of spermine ions. Thus, although 1 mM spermine concentration is sufficient to induce a net attractive interaction between the DNA strands, confinement within capsid causes the interhelical interactions to remain net repulsive. This suggests that the length of packaged wt -DNA in a phage capsid has been evolutionarily optimized to result in DNA interstrand separations and interactions that are not strongly affected by the ionic conditions in the cellular and extracellular environments. This increases the robustness of both DNA packaging and ejection, minimizing the influence of external ionic fluctuations. This hypothesis has been recently verified by our measurements of the The size and structure of the capsid shell (blue) remains unchanged after DNA ejection. Spacing between the outermost layers of the DNA (green) can be observed in the fully packaged phage reconstruction, and the DNA becomes more disordered closer to the centre of the capsid. The d-spacings between the DNA layers inside the capsid were determined by computing 3D cryo-EM reconstructions of the phage particles (see 'Materials and Methods' section). Owing to the icosahedral symmetry imposed during the reconstruction, concentrically packed DNA within the capsid becomes shells of density. The central slice of each reconstruction was extracted along the 5-fold symmetric axis, providing a cross-section of density in which the capsid and packaged genome appear most circular. Figure 2 . Central slices through the 3D cryo-EM reconstructions of the lambda phage containing different amounts of DNA (above) and the radially averaged images that were used for measuring the spacing (below). The percentage of packaged DNA relative to the wt phage is listed above each row. Only the outermost 4 or 5 rings of DNA have sufficient ordering to be used in calculating inter-DNA spacing. Note that the centre of the 30% packaged phage exhibits intensities are higher than that of the background, indicating that there is DNA present at the centre of the capsid. efficiency of genome packaging in phage as a function of salt and packaged DNA length (35) .
Next, we investigated the interplay between the attractive and repulsive interstrand interactions in phage capsids and how the type of interactions affects the long-range DNA structure. The shorter 78% wt -DNA length mutant provides a good experimental system for such analysis, as the interaxial spacing is a h = 29.7 Å , which is larger than the spacing in the dominantly repulsive regime where the interactions are independent of the ionic conditions (at a h & 26 Å ). Moreover, 78% -DNA length phage also has larger interstrand spacing than the DNA condensed by 1 mM spermine in the bulk TM buffer solution, where a h = 29.1 Å . However, with addition of 1 mM spermine to the 78% -DNA length packaged capsids, we found the interaxial spacing to decrease from 29.7 Å to 29.1 Å . Thus, the interstrand DNA interactions in 78% -DNA length packaged phage are changing from net repulsive to net attractive when spermine is added. The interaxial spacing within the capsid is now the same as found for free DNA condensed by 1 mM spermine in the solution without an external osmotic pressure. Interestingly, although DNA is bent inside the capsid, while it is not in the bulk, bending does not seem to influence the DNA spacing inside the capsid. This could be due to cancelling effects; the energy owing to DNA bending decreases with smaller spacings, whereas the energy owing to DNA packing defects or deviations from local hexagonal order in toroidal or spooled condensates increases with smaller spacings (36) . However, even with net DNA-DNA attractive interaction in the 78% -DNA length phage in 1 mM spermine, the encapsidated DNA is still under stress.
We demonstrate this by opening the 78% -DNA length phage capsid with LamB receptor and allowing the encapsidated DNA to freely eject into the 1 mM spermine solution. DNA ejection will proceed until full equilibrium is established, and DNA in the capsid is no longer under stress (37) . To ensure that the ejected fraction of the DNA is not influenced by the condensation of DNA by spermine after ejection, we added the endonuclease DNase I before LamB addition, which immediately digests the DNA on ejection. In the presence of DNase I and 1 mM spermine, 30% of wt -DNA length remains in the opened capsid at equilibrium, as determined by ultraviolet absorbance measurements (38, 39) . As there are no net DNA repulsive interactions present, the driving force for this DNA ejection is the bending stress caused by the capsid confinement. The bending stress is relieved, as DNA is ejected from the capsid. The ejection, however, will not continue to completion, as the remaining portion of the bending energy that would drive the DNA from the capsid is counter balanced by the attractive interaction between the DNA strands induced by spermine ions.
The radially averaged cryo-EM reconstruction cross-section of the 30% -DNA length phage shows that the interaxial spacing significantly increases from 29.1 Å to 31.9 Å with this decrease in packaged DNA length ( Figure 3 and Table 1 ). The 31.9 Å spacing represents a free energy minimum that is more stable than the 29.1 Å minimum. The 31.9 Å minimum is not accessible before ejection owing to the capsid volume constraint with fixed DNA size. For bulk DNA condensed in spermine solution, the interaxial spacing of 29.1 Å corresponds to a long-range hexagonal order (34) . The 31.9 Å interaxial distance is characteristic of a long-range less ordered cholesteric packing structure (12) (13) (14) 34) . A hexagonalcholesteric phase transition was demonstrated by several independent measurements on DNA condensed by PEG and/or multivalent ions in bulk solution using X-ray diffraction to determine DNA structure (12) (13) (14) 34) . It is likely, in similarity to the bulk measurements, that there is a transition in the long-range DNA arrangement inside the capsid from a hexagonal to a cholesteric state when DNA is allowed to eject from phage in 1 mM spermine until it reaches equilibrium (40) (41) (42) (43) (44) (45) (46) . The cholesteric packing arrangement has weaker interstrand attractions than hexagonally ordered DNA, resulting in larger spacings and higher levels of disorder, marked by an increase in the X-ray scattering peak width (12) (13) (14) 34) . The attractive interaction between the DNA strands in the capsid in 1 mM spermine is weaker than that for DNA condensed by the same amount of spermine in the bulk, where DNA is hexagonally ordered. Optimal attraction requires a phosphate-phosphate correlation between the DNA helices that minimizes DNA-DNA interaction. When DNA is bending inside the capsid, the initial correlation between two helices that have slightly different radii of curvature is lost, and the mutual orientation between helices must be re-established. This leads to the so-called 'packing defect' that weakens the attraction between the encapsidated DNA strands favouring cholesteric packing, compared with the unconstrained hexagonally packed DNA arrays condensed by spermine in solution.
Even if the long-range genomic structure is cholesteric, we can still use the expression a h = (2/ˇ3) d to calculate the interaxial spacing a h from the d-spacings between the concentric DNA layers determined by cryo-EM particle reconstructions. It was previously shown for DNA condensed in bulk (34, 47) that the local short-range DNA structure remains hexagonally ordered, whereas the long-range structure has a cholesteric pattern. In a cholesteric state, the DNA is organized in parallel planes with a continuous rotation of the orientation of the DNA molecules from plane to plane. However, locally, the DNA double helices will have six neighbouring strands, corresponding to a local short-range hexagonal arrangement with a long-range cholesteric texture superimposed on it. Figure 2 shows central cross-section from the reconstructions of a receptor-open -capsid containing 30% of wt -DNA in 1 mM spermine at equilibrium. The figure shows that even in the case of a 30% -DNA filled capsid, the entire capsid volume is occupied by the DNA, as the intensities observed at the centre of the capsid are >1 standard deviation higher than the mean background intensity. However, DNA is ordered in concentric layers only in the periphery of the capsid. Assuming the same packing density throughout the entire capsid volume, the change in interaxial distance a h from wt to 78% packaged -DNA length corresponds well to that expected maintaining constant volume (26.2/29.7) 2 $ 78%. The change in a h adding 1 mM spermine to the 78% and ejecting is different from that expected for volume filling with 30% of the wt -DNA left, namely (26.2/31.9) 2 $ 67%. This calculation indicates that DNA must have lower packing density in the centre of the capsid.
CONCLUSION
In conclusion, we have observed for the first time a bending-induced phase transition of encapsidated DNA. Such a phase transition leads to higher disorder and a significant increase in the genome fluidity. In a hexagonal phase, DNA motion is limited, leading to reduced interstrand fluidity. The observation of a cholesteric structure at lower DNA filling fractions suggests that a cholesteric-to-hexagonal phase transition occurs during the packaging process in vivo, as the packaged DNA fraction is increasing to interstrand separations of 30-34 Å . This should significantly affect the packaging rate by slowing it down. In parallel, during the ejection process, an increased fluidity of the genome will speed up the ejection rate, improving the efficiency of viral replication.
The importance of DNA bending inside the phage capsid has often been overlooked owing to the fact that the interaction energy for a fully packaged phage is the dominant stress contribution to the overall DNA energy state (8, 17) . However, our present cryo-EM analysis of the encapsidated DNA structure with the net repulsive interaction 'turned on and off' allows us to separate the repulsive interaction from the DNA bending-induced stress and packing defects, revealing its significant role for the long-range DNA structure inside the capsid. Thus, there are important interactions in the capsid other than DNA-DNA force that manifest themselves in the a h = 31.9 Å free energy minimum that is not seen with unconfined DNA condensates. This 31.9 Å minimum is more stable than the 29.1 Å found in bulk DNA condensed in spermine. Furthermore, as exemplified by the shorter 78% wt-DNA length mutant, the bending stress will play a more significant role for larger viruses with typically lower packaged DNA densities, such as Human Herpes Simplex 1.
